Junge relationships in measurement data for cyclic siloxanes in air  by MacLeod, Matthew et al.
Chemosphere 93 (2013) 830–834Contents lists available at SciVerse ScienceDirect
Chemosphere
journal homepage: www.elsevier .com/locate /chemosphereJunge relationships in measurement data for cyclic siloxanes in air0045-6535  2012 Elsevier Ltd.
http://dx.doi.org/10.1016/j.chemosphere.2012.10.055
⇑ Corresponding author. Address: Department of Applied Environmental Science,
Stockholm University, SE10691 Stockholm, Sweden. Tel.: +46 8 674 7168.
E-mail address: matthew.macleod@itm.su.se (M. MacLeod).
Open access under CC BY-NC-ND license.Matthew MacLeod a,⇑, Amelie Kierkegaard a, Susie Genualdi b, Tom Harner b, Martin Scheringer c
aDepartment of Applied Environmental Science, Stockholm University, Stockholm, Sweden
b Environment Canada Science and Technology Branch, Toronto, Ontario, Canada
c Institute for Chemical and Bioengineering, Swiss Federal Institute of Technology, Zürich, Switzerland
h i g h l i g h t s
" The Junge relationship relates variability of pollutants in air to their lifetime.
" We found a Junge relationship in temporal variability of D5 measured in rural Sweden.
" We found a Junge relationship in spatial variability of D3, D4 and D5 measured in the GAPS network.
" Our ﬁeld-derived lifetimes of D6, 8:2–FTOH and tri-PCBs are within a factor of 3 of lab Values.a r t i c l e i n f o
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Lifetimea b s t r a c t
In 1974, Junge postulated a relationship between variability of concentrations of gases in air at remote
locations and their atmospheric residence time, and this Junge relationship has subsequently been
observed empirically for a range of trace gases. Here, we analyze two previously-published datasets of
concentrations of cyclic volatile methyl siloxanes (cVMS) in air and ﬁnd Junge relationships in both.
The ﬁrst dataset is a time series of concentrations of decamethylcyclopentasiloxane (D5) measured
between January and June, 2009 at a rural site in southern Sweden that shows a Junge relationship in
the temporal variability of the measurements. The second dataset consists of measurements of hexame-
thylcyclotrisiloxane (D3), octamethylcyclotetrasiloxane (D4) and D5 made simultaneously at 12 sites in
the Global Atmospheric Passive Sampling (GAPS) network that shows a Junge relationship in the spatial
variability of the three cVMS congeners. We use the Junge relationship for the GAPS dataset to estimate
atmospheric lifetimes of dodecamethylcyclohexasiloxane (D6), 8:2–ﬂuorotelomer alcohol and trichlori-
nated biphenyls that are within a factor of 3 of estimates based on degradation rate constants for reaction
with hydroxyl radical determined in laboratory studies.
 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Based on theoretical considerations, Junge (1974) postulated a
relationship between spatial and temporal variability of concentra-
tions of gases in air and atmospheric residence time, and observed
the relationship in data for volatile trace atmospheric constituents.






where (r/l) is the relative standard deviation – i.e., the standard
deviation (r) divided by the mean (l) – of measured concentra-
tions, s is the atmospheric lifetime, and a and b are empirical ﬁtting
parameters.Conceptually, the Junge relationship is a consequence of incom-
plete mixing of gases in the global atmosphere. Gases with very
long lifetimes approach a homogenous distribution, and thus
concentrations measured at remote locations show very little
variability. Gases with shorter lifetimes are not as homogeneously
distributed and arrive at remote locations at relatively high
concentrations as a result of speciﬁc, transient transport events.
Therefore the variability in atmospheric concentrations of gases
with shorter lifetimes measured at remote locations is greater than
variability of gases with longer lifetimes.
Recently, the theoretical underpinnings and limits of applicabil-
ity of the Junge relationship were analyzed using a global chemical
transport model (Stroebe et al., 2006). Three limitations associated
with using the Junge relationship to estimate atmospheric life-
times from ﬁeld data were identiﬁed. First, the sources and sinks
of the substances under consideration should be similar, and
ideally they should be identical; variability in source and sink
characteristics among substances included in the same empirical
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tion variability and weakens the relationship. Second, the ﬁtting
parameters a and b are variable depending on the location of sam-
pling sites; therefore the ﬁtting parameters of the Junge relation-
ship must be calibrated for each sampling site or set of sampling
sites. And ﬁnally, a and b cannot be extrapolated across wide
ranges of lifetimes. Together, these three limitations suggest that
many of the previous applications of the Junge relationship to esti-
mate atmospheric lifetimes of organic micropollutants were
ﬂawed (Stroebe et al., 2006). The limitations are consistent with
a literature review of data from several monitoring sites that dem-
onstrated that polychlorinated biphenyls (PCBs) deviate from the
relationship parameterized with the values of a and b originally
found by Junge (Axelmann and Gustafsson, 2002).
The requirement that atmospheric sinks of different pollutants
considered in a Junge relationship be identical is a barrier to con-
structing relationships for organic micropollutants with a range
of volatilities. Volatile pollutants that are primarily in the gas
phase are subject to oxidation by reactive species, especially
hydroxyl radicals (OH) and also to dry and wet deposition pro-
cesses. Less-volatile pollutants are present in signiﬁcant amounts
in the aerosol particle phase, where they may be protected from
gas-phase oxidants, but are subject to particle deposition and rain
scavenging (MacLeod et al., 2011a). Parsing these competing
processes and characterizing their absolute and relative rates is a
complex task that is currently only addressed by computer models
(for example, Lei and Wania, 2004; Götz et al., 2008; MacLeod
et al., 2011b). Becker et al. (2009) presented an innovative adapta-
tion of the Junge relationship that could account for different
removal processes. For a range of PCBs, they used the overall atmo-
spheric residence time calculated with a model that considers all
competing removal processes as a measure of s, and evaluated cor-
relations with r/l values derived from long-term monitoring data
collected by the International Atmospheric Deposition Network
(IADN) in the Great Lakes region. Oh this basis they found statisti-
cally signiﬁcant Junge-type relationships in several of the PCB
datasets. Their analysis also highlighted two important conditions
for observing Junge relationships in ﬁeld data; ﬁrst, measurement
sites must be sufﬁciently remote from sources of pollutants so that
variability in measured concentrations is controlled by variability
in source-receptor relationships, and second, measurements must
be highly precise so that variability associated with quantiﬁcation
of the amount of pollutant in the samples does not obscure the
Junge relationship.
When applied within its limitations, the Junge relationship has
the potential to reduce uncertainties in atmospheric lifetimes of
organic micropollutants, and to support the development of pre-
dictive models. Contemporary models that calculate atmospheric
lifetimes of organic micropollutants depend on very similar
algorithms that have not been validated against ﬁeld observations
(Fenner et al., 2005). The goal of this exploratory study is to exam-
ine the feasibility of using the ubiquitous presence of cyclic volatile
methyl siloxanes (cVMS) in the global atmosphere to calibrate
Junge relationships that might be used to make estimates of
atmospheric lifetimes of other pollutants from ﬁeld observations
of variability in atmospheric concentrations.
Using the cVMS to calibrate the Junge relationship confronts
many of the challenges identiﬁed above. The cVMS are released
to the environment from their use as solvents in personal care
products such as deodorants (Brook et al., 2009a, 2009b, 2009c).
Thus their sources are concentrated in urban areas in developed
countries, and coincide with the source areas of many other vola-
tile and semi-volatile air pollutants. The cVMS are high-production
volume chemicals with high release rates and high concentrations
in the atmosphere (McLachlan et al., 2010; Genualdi et al., 2011).
Recently, new techniques for analyzing cVMS in the atmospherehave been developed based on active (Kierkegaard and McLachlan,
2010) and passive (Genualdi et al., 2011) sampling techniques.
Therefore it is now possible to make precise measurements of
cVMS at remote sites where other air pollutants of interest are also
measured. Finally, the atmospheric fate of the cVMS is well under-
stood based on a combination of laboratory and ﬁeld studies that
have been conﬁrmed by modeling studies (Atkinson, 1991;
McLachlan et al., 2010; Genualdi et al., 2011; MacLeod et al.,
2011b). The cVMS are volatile and do not undergo signiﬁcant air-
surface exchange; their lifetimes in the atmosphere are deter-
mined by rates of reaction with hydroxyl radicals.2. Data and methods
We searched for Junge relationships in two extensive datasets
of concentrations of cVMS measured at locations that are outside
of suspected source areas. McLachlan et al. (2010) reported con-
centrations of decamethylcyclopentasiloxane (D5) in air over a ﬁve
month period at a rural site in Sweden during the spring of 2009
(the Swedish dataset). We analyzed this dataset for evidence of a
Junge relationship in the temporal variability of D5. Genualdi
et al. (2011) reported average concentrations of four cVMS congen-
ers (hexamethylcyclotrisiloxane (D3), octamethylcyclotetrasilox-
ane (D4), D5 and dodecamethylcyclohexasiloxane (D6)) during
April–June, 2009 at 20 sites from the Global Atmospheric Passive
Sampling (GAPS) network (the GAPS dataset). We analyzed this
dataset for evidence of a Junge relationship in the spatial variability
of D3, D4 and D5.
The Swedish dataset consists of 109 means of duplicate mea-
surements of the concentration of D5 in air at a rural site 20 km
outside of Örebro, Sweden (59.31N, 15.49E). Air samples were
collected over periods of about 24 h on weekdays, and 48–103 h
on weekends between January 19 and June 15, 2009. The samples
were analyzed for D5 at the Department of Applied Environmental
Science, Stockholm University. The median difference between
concentrations of D5 determined in duplicate samples was 9%, with
a range of 0–40% The median difference between concentrations
measured on successive days was 33% with a range of 0–220%.
The method was therefore sufﬁciently precise that variability due
to the sampling and analysis should not obscure any Junge rela-
tionship in the data. We calculated variability in the measurements
as a function of time during the sampling period as r/l of 94 sets of
16 consecutive measurements in the time series. Thus the ﬁrst
measure of variability is r/l of the 16 measurements made in
the period between January 19 and February 6, the second is r/l
of the 16 measurements made between January 20 and February
7, and so on until the last r/l in the dataset for the 16 measure-
ments made between May 25 and June 15. The sampling period
covered the transition from winter to summer in southern Sweden.
At the beginning of the sampling period in the last week of January
the interval between sunrise and sunset was about 8 h; at the end
of the sampling period in mid-June it was over 18 h. The concentra-
tion of photochemically-produced OH radicals in the atmosphere
available to react with D5 was therefore also variable during the
sampling period. We used the OH radical concentrations for south-
ern Sweden estimated by Spivakovsky et al. (2000) for this time
period and the rate constant for reaction of D5 with OH published
by Atkinson (1991), 1.55  1012 cm3 molec1 s1, to estimate the
atmospheric half-lives of D5 during the sampling period.
The GAPS dataset consists of measurements of concentrations
of D3, D4, D5 and D6 in air at 20 sites that are mostly located in
North America and Europe. The cVMS were collected from air using
passive samplers that were deployed from April to June 2009, and
chemical analysis was carried out at Environment Canada in Tor-
onto, Ontario. Amounts of cVMS sequestered in the samplers were
Fig. 1. Junge plot for the Swedish dataset showing the relative standard deviation
(r/l) of groups of 16 consecutive measurements of D5 versus estimated half-life
(s1/2) for degradation by hydroxyl radicals (OH) in the atmosphere. The color scale
indicates the day of sampling of the last datapoint in each group of 16 consecutive
measurements. Relative standard deviations in the dataset prior to March 3, 2009
are indicated with square symbols, and are not included in the regression equation.
As the season changes from winter to summer the variability expressed as r/l of D5
concentrations in the Swedish atmosphere is increasing because higher OH radical
concentrations are causing the atmospheric lifetime to decrease.
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estimated sampling rate for the passive samplers. We removed
four sites from the dataset that were believed to be inﬂuenced
by local sources of cVMS (Downsview, Ontario, Canada, Groton,
Connecticut, and Sydney, Florida, USA, and Paris, France). We also
removed one site where concentrations in blanks were higher than
in samples (Sable Island, Nova Scotia, Canada) and the only site
from the Southern Hemisphere (Cape Grim, Australia), which is
inﬂuenced by different sources than the sites in the Northern
Hemisphere, according to global transport modeling (Genualdi
et al., 2011). In addition we removed outlying data from Whistler
and Ucluelet, British Columbia, Canada. These two sites had the
highest concentrations of D3 and higher D4 concentrations than
all sites except Paris, France. The remaining dataset consisted of
cVMS concentrations at 12 sites; four in Europe (Košetice, Czech
Republic, Ny Ålesund, Norway, Stórhöfði, Iceland and Malin Head,
Ireland), one in the Caribbean (Tudor Hill, Bermuda), four in Can-
ada (Alert, Nunavut, Bratt’s Lake, Saskatchewan, Little Fox Lake,
Yukon and Fraserdale, Ontario) and three in the USA (Barrow,
Alaska, Point Reyes, California and Hilo, Hawaii). For these 12 sites
we calculated r/l of D3, D4, D5 and D6. We used rate constants for
reaction of D3, D4 and D5 with OH radicals published by Atkinson
(1991) and an assumed global-average OH concentration of
1  106 molec cm3 to estimate atmospheric half-lives of these
cVMS.
There is no empirical estimate of the rate constant for degrada-
tion of D6 by OH in the gas phase, so it could not be included in our
analysis of the GAPS dataset for a Junge relationship. However, our
calculated r/l for D6 can be used along with the Junge relationship
derived for the GAPS dataset for D3, D4 and D5 to make an estimate
the atmospheric half-life of this substance from the ﬁeld observa-
tions. Genualdi et al. (2011) also reported concentrations of
polychlorinated biphenyls and neutral polyﬂuoroalkyl compounds
in the same samplers that were analyzed for cVMS. Concentrations
of many of the analytes were below the limit of quantiﬁcation at
many of the sampling sites. However, concentrations of 8:2 ﬂuoro-
telomer alcohol (8:2–FTOH) were quantiﬁed at all 12 GAPS sites
used in our analysis and concentrations of the sum of tri-
chlorinated biphenyls (RtriPCB) were quantiﬁed at 11 of the 12
sites. We therefore calculated r/l of 8:2–FTOH and RtriPCB to
estimate atmospheric half-lives for these substances from our
Junge relationship for cVMS at the GAPS sites.3. Results
3.1. Swedish dataset
The r/l of D5 calculated from measurements in the Swedish
dataset ranged between 0.3 and 0.8, and the estimated half-life
against reaction with OH radicals varied from 60 d at the beginning
of the sampling period to 3 d at the end (Fig. 1). The r/l of sets of
16 samples collected prior to March 3, 2009 does not show a Junge-
type relationship with estimated half-life against OH degradation
(square symbols in Fig. 1). However, sets of samples collected be-
tween March 4, 2009 and the end of the sampling period on June
15, 2009 do show a highly signiﬁcant Junge relationship with
a = 0.96 db and b = 0.37 (circular symbols in Fig. 1 and regression
equation).Fig. 2. Junge plot for the GAPS dataset showing the relative standard deviation
(r/l) of concentrations of D3, D4 and D5 measured simultaneously at 12 sites versus
estimated half-life (s1/2) for degradation by hydroxyl radicals (OH) in the
atmosphere.3.2. GAPS dataset
The r/l of D3, D4 and D5 calculated from the GAPS dataset and
the estimated half-lives for degradation by OH radical are highly
correlated in a Junge relationship with a = 1.4 db and b = 0.23
(Fig. 2).The log(r/l) calculated for D6, 8:2–FTOH and RtriPCB from the
same GAPS samples used to derive the Junge relationship in Fig. 2
are 0.093, 0.16 and 0.037, respectively. Inserting these values in
the Junge relationship shown in Fig. 2 yields estimated atmo-
spheric half-lives of 1.6 d for D6, 20 d for 8:2–FTOH and 5.8 d for
RtriPCB. Note that the r/l of D6 and 8:2–FTOH are outside the
range of values for D3, D4 and D5 that were used to derive the Junge
relationship, and therefore there is additional uncertainty associ-
ated with half-lives estimated for these substances.
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We found a clear Junge relationship (R2 = 0.84) between r/l of
measurement data and our estimate of half-lives of D5 in the atmo-
sphere in the Swedish dataset for samples collected between
March 4 and June 15, 2009. The Junge relationship is not evident
in measurement data collected earlier in the sampling period. A
possible explanation is the long lifetime of D5 in the atmosphere
during the early part of the sampling period. At the beginning of
the sampling period OH concentrations in air in southern Sweden
are very low due to the short periods and low intensity of sunlight
during the winter. During this period the half-life of D5 in the
atmosphere of southern Sweden is estimated to be between 20
and 60 d. Under these conditions, the sampling site, which is
20 km from Örebro, Sweden (population 130,000) may not have
been sufﬁciently remote from sources of D5 for the Junge relation-
ship to be observable. If the sampling site is not remote from
sources, variability in measured concentrations will be determined
by factors other than variability in the source-receptor relation-
ship, and the Junge relationship will not be evident (Becker et al.,
2009). Contaminant fate and transport models (McLachlan et al.,
2010; Genualdi et al., 2011; MacLeod et al., 2011b) indicate that
large areas of western Europe and North America are covered by
near-uniform atmospheric concentrations of D5 during the winter,
which supports the hypothesis that the sampling site in Sweden
may have been directly inﬂuenced by source areas during the ini-
tial part of the sampling period.
Our analysis of the Swedish dataset uses 16 consecutive mea-
surements of concentration in air to calculate r/l. We evaluated
data treatments using as few as 5 and as many as 30 consecutive
measurements. The results presented here are typical for sample
sizes larger than 10 consecutive measurements, and the ﬁtting
parameters a and b are nearly constant in this range of sample
sizes. When fewer than 10 consecutive measurements are consid-
ered in the analysis, the Junge relationship is less evident. When
only 5 consecutive measurements are considered the correlation
coefﬁcient of the Junge relationship for data collected after March
4 falls below 0.1.
We also found strong evidence of the Junge relationship in mea-
surements of D3, D4 and D5 from the GAPS dataset. In this case, the
Junge relationship is constructed from variability in measurements
made simultaneously at 12 sites from the GAPS network that were
selected to be remote from likely sources of the cVMS. We evalu-
ated the robustness of the relationship by sequentially leaving
one of the 12 sites out of the analysis and re-calculating the regres-
sion. The mean and standard deviation of the 12 values of a and b
calculated in this ‘‘leave one out’’ analysis were 1.43 ± 0.24 db and
0.23 ± 0.08, respectively. The mean correlation coefﬁcient (R2) was
0.92, and the minimum value, which resulted from the regression
that left out data from Little Fox Lake, Canada, was 0.74. We ex-
cluded data from two GAPs sites on the west coast of British
Columbia, Canada, Whistler and Ucluelet, that had very high levels
of D3 and D4. Including one or both of these sites in the data anal-
ysis destroys the Junge relationship by producing a negative value
of b, which would violate Junge’s theory by implying greater spatial
variability of cVMS with higher atmospheric half-lives. The reason
that these two sites do not conform to the Junge relationship estab-
lished for the other 12 sites is not known.
We estimate the atmospheric half-life of D6 to be 1.6 d using the
Junge relationship shown in Fig. 2 and our calculated r/l of D6
from the GAPS dataset. Assuming the dominant process removing
D6 from the atmosphere is degradation by OH radicals, and adopt-
ing the global average concentration of OH of 1  106 molec cm3
that we used to derive the Junge relationship for the GAPS dataset,
our estimated second-order rate constant for gas-phase reaction ofD6 with OH is 5.1  1012 cm3 molec1 s1. There are no direct
empirical measurements of the degradation rate constant for D6
with OH. However the rate constants for D3, D4 and D5 reported
by Atkinson (1991) are highly correlated with the number of dime-
thylated siloxane groups in the cVMS ring (R2 = 0.995). Extrapolat-
ing this quantitative structure–property relationship implies a rate
constant of 2.1  1012 cm3 molec1 s1 for D6. Thus, our ﬁeld-de-
rived value is a factor of 2.4 higher than expected based on extrap-
olations of laboratory measurements. The discrepancy in the two
values of the estimated rate constant for reaction with OH would
be consistent with overestimation of the r/l of D6 in the GAPS
dataset. One possible cause of overestimation of r/l of D6 would
be higher variability a result of uncertainties associated with the
chemical analysis compared to the other cVMS. D6 was measured
in the GAPS dataset at the lowest concentration of any of the cVMS;
average levels were 4.5 times lower than average levels of D5, 8.5
times lower than D4 and 13 times lower than D3.
We estimate atmospheric half-lives of 20 d for 8:2–FTOH and
5.8 d for RtriPCB from the Junge relationship derived from the
GAPS dataset. In applying the Junge relationship derived from the
cVMS to estimate these half-lives we assume that source areas of
8:2–FTOH and RtriPCB are identical to the source areas of the
cVMS. If we further assume (as above) that degradation by OH rad-
ical is the dominant removal process from the atmosphere, and
with a global average concentration of OH of 1  106 molec cm-3,
our estimates correspond to rate constants for gas-phase reaction
of 8:2–FTOH of 4.1  1013 cm3 molec1 s1, and of RtriPCB of
1.4  1012 cm3 molec1 s1. In laboratory studies, Ellis et al.
(2003) found a rate constant of 1.07  1012 cm3 molec1 s1 for
ﬂuorotelomer alcohols with ﬂuorinated carbon chains longer than
2 carbons, and Anderson and Hites (1996) found a rate constant of
1.23  1012 cm3 molec1 s1 for trichlorinated PCBs. Our ﬁeld-
derived estimated value for 8:2–FTOH is thus a factor of 2.6 lower
than the laboratory measurements of Ellis et al. and our ﬁeld-
derived value for RtriPCB is only a factor of 1.14 higher than the
measurements of Anderson and Hites. Given the uncertainties
associated with our application of the Junge relationship to these
two substances, we view this level of agreement with laboratory
studies to be excellent.
5. Conclusions and recommendations
Our analysis of two extensive datasets ofmeasurements of cyclic
volatile methyl siloxanes in air yielded highly signiﬁcant Junge
relationships in both cases. Data from the GAPS network could be
interpreted with our Junge relationship to make estimates of the
atmospheric lifetimes of three substances, D6, 8:2–FTOH andRtriPCB,
that are within a factor of 3 of estimates based on laboratory
measurements. The Junge relationship calibratedwith observations
of the cVMS holds considerable potential to reduce uncertainties in
the atmospheric lifetimes of organic micropollutants, especially
those that are, like the cVMS, released from urban areas.
Measurements of siloxanes and other selected pollutants in air
at the full complement of over 50 GAPS sites is currently under-
way, and will provide a more extensive data set for testing the
Junge relationships in future work. Laboratory measurement of
the degradation rate constant of D6 with OH radicals would
improve the prospects for applying the cVMS to calibrate Junge
relationships by allowing a fourth data point to be included in plots
similar to Fig. 2.
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